BACKGROUND: Technologies based on aerobic granular biomass are presented as a
INTRODUCTION
Technologies based on aerobic granular sludge appear as a promising option for their application to the wastewater treatment 1, 2 . Advantages in comparison to the conventional activated sludge systems rely on the capacity to treat higher loads, to achieve better removal efficiencies, to carry out simultaneous elimination of organic matter, nitrogen and phosphorus 3 , and to produce biomass with better settleability properties and low sludge production. Despite all the advantages of the aerobic granulation the development of this technology is still recent and the research at laboratory scale was focused in the establishment of the optimal operational parameters such as the use of sequencing batch reactors (SBRs), feeding strategy (feast/famine regime), reactor design (large high/diameter ratio), low settling time, aeration intensity (high hydrodynamic shear force), control of the dissolved oxygen concentration, type of substrate, etc. In this sense the study of different types of substrates is important to determine the usefulness of aerobic granulation. Many works have been performed with synthetic [3] [4] [5] and industrial wastewater [6] [7] [8] [9] [10] . The effect of different types of toxic 3 compounds, like phenol and pyridine as well as the presence of heavy metals and dyes have also been tested 11, 12 . However the presence of coagulant-flocculant reagents, commonly employed in the wastewater treatment plants (WWTPs), has not been studied so far.
During the wastewater treatment the use of a pre-treatment before the biological process involving the addition of reagents such as coagulants and flocculants is very common to separate fats and solids. A residual amount of these reagents remains in the supernatant and goes to the biological treatment process, affecting its performance. The presence of coagulant-flocculant reagents in activated sludge systems can avoid the formation of biological foam and the proliferation of filamentous micro-organisms 13 , improve the sludge settling properties 14 and protect membranes from fouling 15 , but can also have negative effects on the biomass activity 14, 16 . Although there are not specific studies about the effect of these reagents on the formation and properties of the aerobic granular biomass, some studies with cations, such as Ca +2 17 and Mg +2 18 , show that their presence favour the formation of aerobic granular biomass due to the fact that they act as a bridge to bind negatively charged groups present on bacterial surface and/or extracellular polysaccharides molecules to adhere individual bacteria to each other 19 . So the residual levels of coagulant-flocculant reagents (normally cationic salts) could initially promote the aggregation of the biomass, but the long time effect is not known.
For this reason, the objective of this work was to study the effect of a residual concentration of coagulant-flocculant reagents on an aerobic granular system, with special attention to the formation and the evolution of physical properties of the biomass as well as the removal efficiencies of organic matter and nitrogen.
EXPERIMENTAL

Materials
Two sequencing batch reactors (SBRs) with a total volume of 2.7 L and a working volume of 1.8 L were operated at room temperature (18  1 ºC). Dimensions of the units were: height of 480 mm and inner diameter of 85 mm. The agitation was achieved by aeration through an air diffuser. Two peristaltic pumps were used to add the feeding and discharge the effluent. The exchange volume was fixed at 50%. Both SBRs were operated in cycles of 3 hours which were distributed as follow: 3 minutes of feeding, The reactors were operated along 135 days maintaining the same conditions (feeding and operation) to ensure a sufficient operational period to study the possible different behaviour of both systems. Biomass density ( b ) in terms of g VSS per litre of granules, was determined with dextran blue following the methodology proposed by Beun et al. 4 .
Analytical methods
Concentrations
Calculations
The maximum specific oxygen consumption rate (r max ) in g O 2 /g VSS·d was calculated from the specific oxygen uptake rate (SOUR) value considering that under the operational conditions the reaction obeys a zero-order rate limited by internal diffusion
Where R p is the particle radius (dm); D O2 is the diffusion coefficient of oxygen (dm
 b is the biomass density (g VSS/L granule ) and C O2 is the oxygen concentration in the
The SOUR (g O 2 /g VSS·d) was calculated using the equation (2):
Where k La is the mass transfer coefficient (d 
RESULTS AND DISCUSSION
Formation and characteristics of the aerobic granular biomass
The reactors (CF and control) were inoculated with 0.5 L of an activated sludge from an urban WWTP with a SVI around 200 mL/g TSS and a solids concentration of 5 g VSS/L. To avoid the excessive solids wash out, the first 8 days of operation the settling time was maintained at 2 minutes which supposed that only the particles with a settling velocity higher than 5 m/h were retained inside the reactors. Then the settling time was changed to 1 minute to promote a complete washout of flocculent biomass with a settling velocity lower than 10 m/h. After 10 days of operation the formation of the first aggregates could be appreciated in both systems ( Fig. 1.a) .
Initially the SVI of the biomass in the control reactor decreased from 192 to around 40 mL/g TSS (day 63) but on day 70 the SVI value increased up to 130 mL/g TSS due to
clogging of the air diffuser ( Fig. 2.a1 ). Once it was cleaned the SVI started to gradually decrease down to 40 mL/g TSS. In the CF reactor the SVI values ranged between 120 and 70 mL/g TSS ( Fig. 2.a2 ), being at the end of the operation higher than on the control.
The evolution of the average particle size of the granules was different in both reactors ( Fig. 2.a) . After the first 20 days of operation, in the control reactor the granules had an average diameter of 4.7 mm which remained almost constant until day 70. Then, when the clogging of the air diffuser was solved, it gradually decreased down to 2.3 mm (day 135). In the CF reactor the particles diameter progressively increased from 2.6 mm (day 23) to 5.0 mm (day 135), despite that the air diffuser also was cleaned to have the same conditions than on the control reactor. This increase in the size of the aggregates could be due to the presence of a residual amount of cations from the coagulant reagent, since previous works show that the addition of cations to obtain aerobic granular biomass produces granules with bigger diameter 18 . Guo et al. 24 also observed an increase in the particle size of the sludge flocs in a membrane bioreactor with the addition of three different flocculants. At the final period of the operation the granules aspect was very different in both systems. Granules from the control were smaller and with smoother surfaces than those from CF reactor (Fig. 1.b) .
The biomass concentration inside both reactors was quite similar until day 80 of operation with values between 0.9-2.6 g VSS/L for control and 0.7-3.7 g VSS/L for CF (Fig. 2.b) . (Fig. 2.a2) . These results are in accordance with other authors who observed that when the F/M ratio was over 1 g COD/g VSS•d the aggregates presented worse settling properties, being the adequate ratio for aerobic granulation around 0.5 g COD/g VSS•d 25, 26 .
The profile of the COD concentration during an operational cycle was determined several times during the whole time of operation to determine the length of the feast period (presence of substrate in the liquid phase as COD S ) and the famine period (absence of COD S in the liquid media). The Famine/Feast ratio for each reactor was calculated for the different measured cycles and represented in Fig. 3 .a. During the whole operation this ratio was higher for control than for CF, although this difference was more significant from day 80 of operation that coincides with the higher concentration of biomass inside the control in comparison with CF ( Fig. 2.b) . At the end of the operation time the value of this ratio was of 7.6 for control and 3.5 for CF.
Mosquera-Corral et al. reactor. This fact could be related to the presence of filamentous microorganisms in the granules surface of CF reactor ( Fig. 1.b2 ) and the high average diameter of the aggregates and SVI value (Fig. 2.a2 ).
The SOUR of both reactors was periodically tested during the operational cycle to determine the impact of the coagulant-flocculant reagents on microbial activity. Since the reaction is limited by internal diffusion, the maximum specific oxygen consumption rate (r max ) was calculated according to equation (1) in order to avoid the effects of particle size and oxygen concentration on the specific activity value obtained. For similar SRT values, the maximum specific oxygen consumption rate observed in the control reactor was higher than that observed in CF reactor (Fig. 3.b) and found that the optimal dosage to improve the SOUR was 0.1 mg/L, but for higher concentrations the SOUR started to decrease. Dapena-Mora et al. 16 with Anammox biomass observed a decrease of around 30% in the maximum specific activity when a flocculant concentration of 1 mg/L was applied to the system. Therefore the presence of these compounds in a continuous aerobic system seems to decrease the biological activity when their concentration exceeds a certain value. An explanation for this could be the adsorption of the coagulant-flocculant compounds onto the surface of the biomass as a result of the electrostatic interaction between a positively charged group of the reagents with the negatively charged surface of the microorganisms, reducing the active surface of the biomass and consequently its bioactivity.
In the case of the control, the maximum specific oxygen consumption rate decreased from 6.0 to 2.3 g O 2 /(g VSS·d) with the increase in the SRT from 2.5 to 18 d. Ouyang and Liu 31 also observed that the bioactivity and the SOUR decreased with the increase in the SRT in a membrane bioreactor. Han et al. 32 attributed this decrease to the specific biological activity at prolonged SRT by the accumulation of inert biomass due to endogenous respiration.
Organic matter and nitrogen removal
Since the addition of the coagulant-flocculant reagents did not suppose a significant increase in its organic matter content, the organic loading rates (OLRs) applied to both reactors were similar and ranged between 2 and 3 kg COD S /(m 3 d). The presence of a residual amount of coagulant-flocculant reagents did not affect the organic matter removal efficiency since it was over 90% during the whole operational time for both reactors (Fig. 4) . The nitrification efficiency was closely related to the SRT of the systems and it was observed that efficiency close to 100% was obtained only when the reactors operated at SRT values higher than 5 days (Fig. 5.a) . Therefore, the better stability of the nitrification process observed for the control can be attributed to its higher biomass retention capacity. The maximum nitrogen removal achieved was around 60% in both systems (Fig. 4) . Fig. 5 .b shows a correlation between nitrification and nitrogen removal efficiencies up to values around 60%. This fact indicates that the nitrification is the limiting step of nitrogen removal when its efficiency was lower than this value. Higher efficiencies of nitrification did not improve the nitrogen removal efficiency since in that case the volume exchange ratio applied would be the limiting factor. For both systems the volume exchange ratio applied was of 50% and, theoretically, a maximum nitrogen removal efficiency of 50% could be expected. The higher value obtained is probably due to the consumption of ammonia for the biomass growth.
CONCLUSIONS
The aerobic granular reactor operated in the presence of trace amounts of coagulantflocculant reagents had a lower biomass retention capacity compared to the control system due to the worse physical properties of the granules obtained. These granules presented a fluffy and filamentous aspect which corresponded to the operational periods with low values of the Famine/Feast ratio observed.
The maximum specific oxygen consumption rate (r max ) of the aerobic granules with coagulant-flocculant reagents was lower than the control, which indicates that the presence of these compounds decreases the activity of the biomass.
In both reactors, the maximum removal efficiencies of organic matter and nitrogen achieved were similar, being around 90% and 60%, respectively. However, the operational stability of the reactor with the presence of coagulant-flocculant reagents was worse due to the low SRT obtained. Relationship between TN and NH 4 + removal percentages in control (▲) and CF ().
